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Abstract. We study the emergence of quantum entanglement in multi-field inflation. In this
scenario, the perturbations of one field contribute to the observable curvature perturbation,
while multi-field dynamics with the other fields affect the curvature perturbation through
particle production and entanglement. We develop a general formalism which defines the
quantum entanglement between the perturbations of the multiple fields both in the Heisen-
berg and Schro¨dinger pictures, and show that entanglement between different fields can arise
dynamically in the context of multi-field inflationary scenarios. We also present a simple
model in which a sudden change in the kinetic matrix of the scalar fields generates entangle-
ment and an oscillatory feature appears in the power spectrum of the inflaton perturbation.
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1 Introduction
Cosmic inflation is widely believed to be the most plausible scenario to explain the origin
of temperature fluctuations of the cosmic microwave background (CMB) and large scale
structure (LSS) of the Universe [1–4] (see e.g. [5, 6] for reviews). The fact that the primordial
curvature perturbations are almost scale-invariant and Gaussian is strongly supported by the
recent Planck observations [7, 8]. These observations are consistent with the predictions of
the simplest single-field inflation models, where the inflaton has a canonical kinetic term and
a sufficiently flat potential that allows it to roll slowly during inflation, and couples minimally
to gravity. Regardless of these phenomenological successes, however, it is still nontrivial to
embed single-field slow-roll inflation into a more fundamental theory such as string theory. To
search for new physics in inflation, and a possible connection to a more fundamental theory,
one or more of the following conditions can be relaxed: single field, slow-roll or canonical
kinetic term (see [9], for a review)
Contrary to the above approach, where the effect of new physics is encoded in some
terms in the action, it is also possible that new physics can change the initial quantum state
of the inflaton perturbations. Here, by an initial quantum state we mean a quantum state at
the time when the system enters the regime of validity of the particular low-energy effective
field theory under consideration. In the standard scenario, the primordial power spectrum is
computed assuming an initial vacuum state for curved spacetime, the so-called Bunch-Davies
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(BD) vacuum [10]. The behavior of the mode functions of the inflaton perturbations in the
BD vacuum reduce to flat spacetime vacuum mode functions in the short distance limit.
However, it is certainly conceivable that short distance physics can give rise to deviations
from the Bunch-Davies vacuum [11–22], whose effect can be described in terms of particle
production. Such particle production is clearly understood by Bogoliubov transformations in
the low energy effective theory. Although the choice of initial state is often discussed in the
context of trans-Planckian effects (see [11, 20, 23], for a review), the issue has more general
applicability, for example, a discussion of how to capture the initial state effects in terms of
a boundary effective field theory [24–26].
Furthermore, in fundamental theories like supergravity or string theory, scalar fields
are ubiquitous and in some cases, some fields can affect each other through entanglement,
even if they are decoupled at the level of the low energy effective action. Likewise, in the
context of the string theory landscape, it was shown that quantum entanglement can exist
between two causally disconnected regions in de Sitter space [27]. Modifications of the power
spectrum of CMB generated by such scenarios with quantum entanglement between two
causally disconnected universes was studied in [28, 29, 29, 30] (for recent work extending this
setup, see [31]).
Apart from the multiverse scenario, it is quite interesting to consider the possibility that
the inflaton and some other scalar field are entangled initially. In [32], one of us investigated
the cosmological consequences of an entangled initial state between the inflaton and another
spectator field during inflation (see for related works [33–35]). In this work, it was shown
that an entangled initial state for a toy model consisting of non-interacting, minimally cou-
pled scalar fields in a fixed de Sitter background will produce small oscillations in the power
spectrum of the inflaton perturbations. The entangled initial state ansatz in [32] was set to
be Gaussian and the strength of the entanglement is parametrized by one parameter. In par-
ticular, the quantum state of the whole system includes entanglement between the two fields,
while the Hamiltonian does not have any interaction terms between them. In this first study,
the entangled initial state is used as a tool to phenomenologically test for small deviations
from a BD initial state. However, the dynamical origin of the entanglement encoded in the
initial state and possible connections to fundamental theories were not explored explicitly.
Furthermore, whether the oscillations are a generic feature of an entangled initial state or
just come from a specific class of initial states was also not discussed [36].
The aim of this paper is to address these concerns by showing that entanglement between
different fields can arise dynamically in the context of multi-field inflation scenarios. Our
analysis is restricted to consider perturbations of scalar fields in a fixed de Sitter background.
We will formulate the emergence of entanglement between the perturbations of two scalar
fields on a general basis, and we will illustrate this phenomena by studying a concrete example
of this type of model.
The rest of this paper is organized as follows. In section 2, we derive within the Heisen-
berg picture the general condition under which a state, from the view point of a late time
observer, is entangled. For this discussion, we consider a scenario in which the vacuum natu-
rally defined at sufficiently late times becomes different from that at sufficiently early times,
as a result of the time evolution of the kinetic and mass matrices in multi-field inflation. In
section 3, we make the connection to the state generated in the Schro¨dinger picture and see
how our initial-vacuum state corresponds to the initial state considered in [32]. Then, in sec-
tion 4 we consider a concrete example that produces an entangled state by the effect of kinetic
mixing and confirm that the oscillations in the power spectrum of the inflaton perturbations
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are also obtained in this model. Section 5 is devoted to conclusion and discussion.
2 Entanglement in Heisenberg Picture
2.1 Entangled state at late-time
In this subsection, we describe the quantum state of interest, while in the following subsec-
tions we will discuss a physical mechanism that can give rise to such a state. At late times,
say t ≥ t0, in any globally hyperbolic spacetime region, let us consider two scalar fields φ and
σ and suppose that interactions between them can be ignored. Let us further assume that
self-interactions of φ and σ are weak and can be ignored (or can be treated perturbatively).
One can then construct the Hilbert space of the system as
F = Fφ⊗¯Fσ , (2.1)
where ⊗¯ is a tensor product followed by a suitable completion and Fφ and Fσ are the Fock
spaces of φ and σ, respectively, defined as
Fφ = C ⊕Hφ ⊕ (Hφ ⊗Hφ)sym ⊕ · · · ,
Fσ = C ⊕Hσ ⊕ (Hσ ⊗Hσ)sym ⊕ · · · . (2.2)
Here, Hφ and Hσ are the Hilbert spaces of positive-frequency mode functions for φ and σ,
respectively, and (· · · )sym denotes the symmetrization ((ξ⊗ η)sym = (1/2)(ξ⊗ η+ η⊗ ξ), and
so on.). Physically, C denotes the vacuum state, Hφ,σ one particle states, (Hφ,σ ⊗Hφ,σ)sym
two particle states, and so on.
We suppose that all our observables are operators on Fφ so that σ is unobservable. In
this case, for a quantum state |ψ〉 (∈ F) the expectation value of an observable O is
〈ψ|O|ψ〉 = Trφ[Oρφ] , (2.3)
where
ρφ ≡ Trσ|ψ〉〈ψ| , (2.4)
is the reduced density matrix, and Trφ and Trσ are the trace operations in Fφ and Fσ,
respectively. In general, the reduced density matrix ρφ represents a mixed state due to
quantum entanglement between Fφ and Fσ unless the quantum state |ψ〉 of the total system
is a direct product of a state in Fφ and a state in Fσ.
Next let us consider possible “initial” states of the two-field system at t = t0. Since
by the assumption the fields φ and σ for t ≥ t0 do not interact with each other, it may be
natural to consider a direct product of a state |ψφ〉φ in Fφ and a state |ψσ〉σ in Fσ.
|ψφ〉φ ⊗ |ψσ〉σ , (direct product state) . (2.5)
This class of states does not contain entanglement between Fφ and Fσ and the reduced
density matrix represents a pure state as ρφ = |ψφ〉φφ〈ψφ|. Starting with the direct product
state (2.5), one can consider a Gaussian-type entanglement between Fφ and Fσ as
|ψ, C〉 = N exp
[
1
2
∑
m,n
Cmnaˆ†mbˆ†n
]
|ψφ〉φ ⊗ |ψσ〉σ , (entangled state), (2.6)
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where {aˆ†m} and {bˆ†n} are sets of creation operators associated with Hφ and Hσ, respectively,
Cmn is a matrix characterizing the entanglement to be added and N is a normalization
constant. As we shall see in the rest of this section, the multi-field dynamics in the early
epoch (t < t0) generically ends up with this type of quantum state at t = t0. As we shall see
in Sec. 3, a quantum state considered in [32] is also of this type.
2.2 Late-time and early-time setup
In the previous subsection we introduced the entangled state in eq. (2.6) for t > t0, where
the two scalar fields φ and σ do not have direct interactions at the level of the Lagrangian
but the initial state includes entanglement between these fields. In the present subsection, in
order to discuss a possible explanation for the physical origin of such entanglement, we shall
consider a setup for an earlier time, whose final state corresponds to the initial state for the
late-time setup of the previous subsection. We shall show that the entanglement contained
in the initial state of the late-time setup naturally emerges from the early-time multi-field
dynamics, starting with the standard Bunch Davies vacuum state.
We consider the following simple action for the two scalar fields φI = {φ, σ},
S = −1
2
∫ √−gd4x [GIJ(ϕ)gµν∂µφI∂νφJ +MIJ(ϕ)φIφJ] , (2.7)
in a flat Friedmann-Lemaˆıtre-Robertson-Walker (FLRW) background,
gµνdx
µdxν = −dt2 + a(t)2(dx2 + dy2 + dz2) , (2.8)
where GIJ(ϕ) is a field space metric, MIJ(ϕ) is a squared mass matrix and ϕ is another field.
We shall not specify the action for ϕ but assume that it is homogeneous and time-dependent
so that GIJ(ϕ(t)) and MIJ(ϕ(t)) are 2 × 2 real symmetric matrices that evolve in time.
In what follows, with the possibility that the time dependence of GIJ and MIJ is realized
through the dynamics of the field ϕ in mind, we phenomenologically treat them as GIJ(t)
and MIJ(t). We further assume that the backreaction of φ
I = {φ, σ} on the background is
small enough.
In accordance with the previous subsection, we assume that GIJ and MIJ are diagonal
and constant for t ≥ t0. Otherwise, the two fields would interact with each other at late
times, either directly or through ϕ. After canonically normalizing φI = {φ, σ}, we thus have
GIJ(t) = 1, MIJ(t) = diag(m
2
φ,m
2
σ) . (late time, i.e. t ≥ t0) (2.9)
On the other hand, at sufficiently early times, GIJ(t) is, in general, diagonalized and
normalized by another set of fields ΦI = {Φ, S}; 1
GIJ(t)∂µφ
I∂µφJ → δIJ∂µΦI∂µΦJ , (early time) (2.10)
where ΦI and φI are related to each other by a 2× 2 real matrix KIJ as
φI = KIJΦJ . (2.11)
In this setup for simplicity, we consider the perturbations of the scalar fields up to
quadratic order in the action in a fixed de Sitter background, where the perturbations and the
1This order is chosen so that Φ = φ and S = σ if GIJ has no time evolution at all, that is, if GIJ = 1.
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background are decoupled. Following ref. [32], we take φ to be the inflaton whose fluctuations
are related with the observable curvature perturbation, while σ is the non-inflaton field
whose fluctuations are decoupled from the curvature perturbation after inflation. In what
follows, we investigate the influence of the changes in GIJ(t) and MIJ(t) during inflation on
the perturbations of the inflaton φ, with special emphasis on how it can induce quantum
entanglement with the other spectator field σ.
2.3 In-vacuum state and out-vacuum state
Here, we construct the asymptotic vacuum state at sufficiently early times and late times, in
order to discuss the quantum entanglement between φ and σ.
In the far past, the in-vacuum state is constructed from Φ and S, since they have
canonical kinetic terms. Decomposing these fields into the homogeneous (background) and
inhomogeneous (perturbation) parts,
Φ(t,x) = Φ0(t) + δΦ(t,x), S(t,x) = S0(t) + δS(t,x), (2.12)
and introducing canonical variables
uΦ ≡ aδΦ, uS ≡ aδS, (2.13)
one can rewrite the Lagrangian density at early times for the perturbations as
L(η,x) = 1
2
[
u′Φ
2 − (∂iuΦ)2 + u′S2 − (∂iuS)2 − a2(M˜IJ − 2H2δIJ)uIΦuJΦ
]
, (early time)
(2.14)
where we converted to conformal time η which is related to the scale factor by a = −1/(Hη)
and the prime denotes ∂η. The new mass matrix in terms of the original one is M˜IJ =
(KTMK)IJ and uIΦ = {uΦ, uS}. We can then quantize these fields with the standard proce-
dure,
uˆΦ(η,x) =
∫
d3k
(2pi)3
eik·xuˆΦ(η,k), uˆΦ(η,k) = uΦk(η)aˆ
(Φ)
k + u
∗
Φk(η)(aˆ
(Φ)
−k )
†, (2.15)
uˆS(η,x) =
∫
d3k
(2pi)3
eik·xuˆS(η,k), uˆS(η,k) = uSk(η)bˆ
(S)
k + u
∗
Sk(η)(bˆ
(S)
−k)
†, (2.16)
where aˆ
(Φ)
k , (aˆ
(Φ)
k )
†, bˆ(S)k , (bˆ
(S)
k )
† are creation/annihilation operators. The evolution equations
for the mode functions uIΦk = {uΦk, uSk} on sufficiently small scales become
uIΦk
′′
+ k2uIΦk ' 0. (2.17)
These mode functions are normalized so that they satisfy the Wronskian condition
uIΦku
I∗
Φk
′ − uIΦk
′
uI∗Φk = i, (2.18)
which ensures that the creation/annihilation operators satisfy the commutation relations,
[aˆ
(Φ)
k , (aˆ
(Φ)
k′ )
†] = [bˆ(S)k , (bˆ
(S)
k′ )
†] = (2pi)3δ(k − k′), (others) = 0. (2.19)
The initial conditions for the mode functions uΦk(η) and uSk(η) are given, to a good approx-
imation, by the Bunch-Davies vacuum
uBDΦk '
e−ikη√
2k
, uBDSk '
e−ikη√
2k
, (2.20)
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because their masses (and the mass mixing effect) are negligible deep inside the horizon.2
We define the Fock vacuum and construct an in-vacuum state which is annihilated by the
aˆ
(Φ)
k and bˆ
(S)
k operators,
aˆ
(Φ)
k |0〉Φ = 0, bˆ(S)k |0〉S = 0, |0〉in ≡ |0〉Φ ⊗ |0〉S , (2.21)
where k denotes all relevant modes. Note that even if the masses are not completely negligible
in the equation of motion for uΦk(η) and uSk(η), we can define the initial state as long as
M˜IJ is diagonal and WKB solutions are available.
At sufficiently late times, the out-vacuum state is constructed from φ and σ which now
also have canonical kinetic terms and are decoupled. Although the procedure to construct
the out-vacuum state is straightforward and merely requires replacing Φ→ φ and S → σ in
the discussion of the in-vacuum state, for completeness, we summarize its construction. In
terms of canonical variables corresponding to φ and σ, the Lagrangian density at late times
for the perturbations is
L(η,x) = 1
2
[
u′φ
2 − (∂iuφ)2 + u′σ2 − (∂iuσ)2 − a2(MIJ − 2H2δIJ)uIφuJφ
]
, (late time)
(2.22)
with uIφ = {uφ, uσ}. We can quantize these fields based on the expansion of the operator uˆIφ,
uˆφ(η,x) =
∫
d3k
(2pi)3
eik·xuˆφ(η,k), uˆφ(η,k) = uφk(η)aˆ
(φ)
k + u
∗
φk(η)(aˆ
(φ)
−k)
†, (2.23)
uˆσ(η,x) =
∫
d3k
(2pi)3
eik·xuˆσ(η,k), uˆσ(η,k) = uσk(η)bˆ
(σ)
k + u
∗
φk(η)(bˆ
(σ)
−k)
†, (2.24)
with creation/annihilation operators aˆ
(φ)
k , (aˆ
(φ)
k )
†, bˆ(σ)k , (bˆ
(σ)
k )
† satisfying
[aˆ
(φ)
k , (aˆ
(φ)
k′ )
†] = [bˆ(σ)k , (bˆ
(σ)
k′ )
†] = (2pi)3δ(k − k′), (others) = 0. (2.25)
The mode functions uIφk = {uφk, uσk} are properly normalized to satisfy
uIφku
I∗
φk
′ − uIφk
′
uI∗φk = i. (2.26)
To construct the out-vacuum, we adopt the solutions for the mode functions uφk(η) and
uσk(η) with the Bunch-Davies initial condition uφk ' uσk ' e−ikη/
√
2k in the case where
both GIJ and MIJ did not evolve in time but stay as eq. (2.9) for all time,
uφk(x) =
√
pix
4k
H(1)νφ (x), νφ ≡
√
9
4
− m
2
φ
H2
, (2.27)
uσk(x) =
√
pix
4k
H(1)νσ (x), νσ ≡
√
9
4
− m
2
σ
H2
, (2.28)
where x ≡ −kη and H(1)ν (x) is the Hankel function of the first kind. It should be noted that
these mode functions satisfy the equations of motion only at late times, because the actual
Lagrangian is different from eq. (2.22) at earlier times. Now we can define the out-vacuum
2If the diagonalized mass is larger than 3H/2, the Bunch-Davies solution should be multiplied by an
exponential factor, exp[−pi
2
√
m2/H2 − 9/4], which is otherwise a constant phase.
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state as the direct product of the Fock vacuum of aˆ
(φ)
k and bˆ
(σ)
k in the same way as the
in-vacuum state,
aˆ
(φ)
k |0〉φ = 0, bˆ(σ)k |0〉σ = 0, |0〉out ≡ |0〉φ ⊗ |0〉σ , (2.29)
where again k denotes all relevant modes.
2.4 Relation between in-vacuum and out-vacuum
Although the in-vacuum state and out-vacuum state constructed in subsection 2.3 are of
the same form, in the presence of non-trivial time evolution of GIJ(t) and MIJ(t), the two
asymptotic vacuum states are in general different. Since φ and σ are a mixture of Φ and S
due to the time evolution of kinetic and mass matrices, the canonical fields at sufficiently
late times uˆφ and uˆσ generally inherit all of the creation/annihilation operators of uˆΦ and
uˆS . Thus, in general, the annihilation operators for the out-vacuum can be written as linear
combinations of the creation/annihilation operators for the in-vacuum as
aˆ
(φ)
k = αkaˆ
(Φ)
k + βk(aˆ
(Φ)
−k )
† + γk bˆ
(S)
k + δk (bˆ
(S)
−k)
† , (2.30)
bˆ
(σ)
k = α¯kaˆ
(Φ)
k + β¯k(aˆ
(Φ)
−k )
† + γ¯k bˆ
(S)
k + δ¯k (bˆ
(S)
−k)
† , (2.31)
where αk, βk, γk, δk, α¯k, β¯k, γ¯k, and δ¯k are constant coefficients. These coefficients can be
computed once the time evolution of GIJ and MIJ is fixed, as we will see in a concrete
example in Section. 4. Since aˆ
(φ)
k and bˆ
(σ)
k satisfy the commutation relations (2.25), the
coefficients automatically satisfy
|αk|2 − |βk|2 + |γk|2 − |δk|2 = 1, (2.32)
|α¯k|2 − |β¯k|2 + |γ¯k|2 − |δ¯k|2 = 1, (2.33)
αkβ¯k − βkα¯k + γkδ¯k − δkγ¯k = 0, (2.34)
αkα¯
∗
k − βkβ¯∗k + γkγ¯∗k − δkδ¯∗k = 0. (2.35)
Eqs. (2.30) and (2.31) are the generalized Bogoliubov transformation. If the coefficients
γk and δk (α¯k and β¯k) vanished, the remaining αk and βk (γ¯k and δ¯k) would be the Bogoli-
ubov coefficients, for each field respectively. In our case, however, we have these additional
coefficients which come from the mixture between the fields. Since the annihilation operator
of φ contains the creation operators of Φ and S, we find φk particles even in the in-vacuum
state,
in〈0|Nˆ (φ)k |0〉in = in〈0|(aˆ(φ)k )†aˆ(φ)k |0〉in =
(|βk|2 + |δk|2) δ(0). (2.36)
The time evolution of GIJ and MIJ causes particle production thanks to the generalization
of the Bogoliubov transformation. Nevertheless, we shall see below that another interesting
quantum phenomena also takes place in this system.
For later convenience, we also express the annihilation operators for the in-vacuum in
terms of the linear combination of the creation/annihilation operators for the out-vacuum as
aˆ
(Φ)
k = α
∗
kaˆ
(φ)
k − βk(aˆ(φ)−k)† + α¯∗k bˆ(σ)k − β¯k(bˆ(σ)−k)†, (2.37)
bˆ
(S)
k = γ
∗
k aˆ
(φ)
k − δk(aˆ(φ)−k)† + γ¯∗k bˆ(σ)k − δ¯k(bˆ(σ)−k)†, (2.38)
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by solving the correspondence between the in- and out-creation/annihilation operators
aˆ
(φ)
k
(aˆ
(φ)
−k)
†
bˆ
(σ)
k
(bˆ
(σ)
−k)
†
 =

αk βk γk δk
β∗k α
∗
k δ
∗
k γ
∗
k
α¯k β¯k γ¯k δ¯k
β¯∗k α¯
∗
k δ¯
∗
k γ¯
∗
k


aˆ
(Φ)
k
(aˆ
(Φ)
−k )
†
bˆ
(S)
k
(bˆ
(S)
−k)
†
 , (2.39)
in terms of aˆ
(Φ)
k and bˆ
(S)
k . Plugging these expressions into eqs. (2.19), we find
|αk|2 − |βk|2 + |α¯k|2 − |β¯k|2 = D = 1, (2.40)
|γk|2 − |δk|2 + |γ¯k|2 − |δ¯k|2 = 1, (2.41)
α∗kδk − βkγ∗k + α¯∗kδ¯k − β¯kγ¯∗k = 0, (2.42)
α∗kγk − βkδ∗k + α¯∗kγ¯k − β¯kδ¯∗k = 0, (2.43)
where D is the determinant of the 4 × 4 matrix in eq. (2.39). One can show that these
relations are equivalent to eqs. (2.32)-(2.35).
Next, making use of the relations between the two sets of creation/annihilation oper-
ators, we will show how the in-vacuum state is related to the out-vacuum state. Since the
in-vacuum state should look like an excited state of the out-vacuum, it can be written as
|0〉in =
∏
k
fk
[
(aˆ
(φ)
k )
†, (aˆ(φ)−k)
†, (bˆ(σ)k )
†, (bˆ(σ)−k)
†
]
|0〉out ≡ fˆ |0〉out , (2.44)
where fk[(aˆ
(φ)
k )
†, (aˆ(φ)−k)
†, (bˆ(σ)k )
†, (bˆ(σ)−k)
†] is a function of the creation operators. Letting aˆ(Φ)k
act on both sides of the above equation, from eq. (2.37), one finds
0 =
[
α∗k
∂fˆ
∂(aˆ
(φ)
k )
†
+ α¯∗k
∂fˆ
∂(bˆ
(σ)
k )
†
−
(
βk(aˆ
(φ)
−k)
† + β¯k(bˆ
(σ)
−k)
†
)
fˆ
]
|0〉out , (2.45)
where [aˆ
(φ)
k , fˆ ] = ∂fˆ/∂(aˆ
(φ)
k )
† and [bˆ(σ)k , fˆ ] = ∂fˆ/∂(bˆ
(σ)
k )
† are used. Since eq. (2.45) only
depends on the creation operators, the parenthesis itself must vanish,
α∗k
∂fˆ
∂(aˆ
(φ)
k )
†
+ α¯∗k
∂fˆ
∂(bˆ
(σ)
k )
†
−
(
βk(aˆ
(φ)
−k)
† + β¯k(bˆ
(σ
−k)
†
)
fˆ = 0. (2.46)
This differential equation can be solved with an ansatz
fk = N
f
k exp
[
1
2
(
Cφφk (aˆ(φ)−k)†(aˆ(φ)k )† + Cσσk (bˆ(σ)−k)†(bˆ(σ)k )†
+Cφσk
(
(aˆ
(φ)
−k)
†(bˆ(σ)k )
† + (aˆ(φ)k )
†(bˆ(σ)−k)
†
))]
, (2.47)
where Nfk is a normalization factor. Noting that (aˆ
(φ)
k )
†, and (aˆ(φ)−k)
† commute and plugging
this ansatz into eq. (2.46), we obtain the relation
α∗k
(
Cφφk (aˆ(φ)−k)† + Cφσk (bˆ(σ)−k)†
)
+ α¯∗k
(
Cσσk (bˆ(σ)−k)† + Cφσk (aˆ(φ)−k)†
)
− βk(aˆ(φ)−k)† − β¯k(bˆ(σ)−k)† = 0,
(2.48)
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where we have used the fact that ∂fk′/∂(aˆ
(φ)
k )
† and ∂fk′/∂(bˆ
(σ)
k )
† become nonzero only for
k′ = k and k′ = −k. Letting bˆk act on eq. (2.44), one also finds
γ∗k
(
Cφφk (aˆ(φ)−k)† + Cφσk (bˆ(σ)−k)†
)
+γ¯∗k
(
Cσσk (bˆ(σ)−k)† + Cφσk (aˆ(φ)−k)†
)
−δk(aˆ(φ)−k)†−δ¯k(bˆ(σ)−k)† = 0. (2.49)
We then obtain the coefficients Cφφk , Cσσk and Cφσk in eq. (2.47) as
Cφφk =
βkγ¯
∗
k − α¯∗kδk
α∗kγ¯
∗
k − α¯∗kγ∗k
, Cσσk =
α∗kδ¯k − β¯kγ∗k
α∗kγ¯
∗
k − α¯∗kγ∗k
, Cφσk =
α∗kδk − βkγ∗k
α∗kγ¯
∗
k − α¯∗kγ∗k
, (2.50)
where the expressions in eq. (2.42) and α¯∗kδ¯k − β¯kγ¯∗k = −α∗kδk + βkγ∗k , are used. Appendix A
then perturbatively solves the relations (2.50) with respect to the generalized Bogoliubov
coefficients (αk, βk, γk, δk, α¯k, β¯k, γ¯k, δ¯k) to show that there exists a family of generalized
Bogoliubov coefficients that corresponds to (Cφφk , C
σσ
k , C
φσ
k ).The relations (2.32)-(2.35) also
imply the following identity.
Cφφk Cσσk − Cφσk Cφσk =
βkδ¯k − β¯kδk
α∗kγ¯
∗
k − α¯∗kγ∗k
. (2.51)
The terms with Cφφk and Cσσk in the exponent in eq. (2.47) lead to a vacuum squeezed
state and can be understood as a generalization of the Bogoliubov transformation. Indeed,
they reproduce the conventional results, Cφφk → βk/α∗k and Cσσk → δ¯k/γ¯∗k , in the limit that the
additional coefficients γk, δk, α¯k and β¯k vanish. Interestingly, however, if C
φσ
k is non-vanishing,
the in-vacuum state acquires cross terms proportional to (aˆ
(φ)
−k)
†(bˆ(σ)k )
† + (aˆ(φ)k )
†(bˆ(σ)−k)
† in the
exponent which lead to an entangled state.
The entanglement of the state becomes more evident by checking the separability of the
state. If Cφσk = 0, the in-vacuum state separates into the φ and σ parts and hence the system
is not entangled:
|0〉in
Cφσk =0−−−−→ Nk
(
exp
[
1
2
Cφφk (aˆ(φ)−k)†(aˆ(φ)k )†
]
|0〉φ
)
⊗
(
exp
[
1
2
Cσσk (aˆ(σ)−k)†(aˆ(σ)k )†
]
|0〉σ
)
.
(2.52)
On the other hand, if Cφσk 6= 0, the in-vacuum state is no longer separable, and thus the
system is entangled. This is a unique feature of a system in which multiple fields are mixed.
We conclude that the quantum fluctuations of φ and σ are entangled unless Cφσk vanishes,
Entangle ⇐⇒ α∗kδk − βkγ∗k 6= 0. (2.53)
3 Entanglement in Schro¨dinger Picture
In the previous section, we discussed the effect of particle production and entanglement based
on the Heisenberg picture. On the other hand, in the previous work by Albrecht, Bolis and
Holman (ABH) [32], the effect of entanglement was analyzed within the Schro¨dinger picture3
. In this work, the time evolution of the system is encoded in a wave functional of the
fields. To bridge between these two approaches, in this section, we translate the results of
the previous section into the language of the Schro¨dinger picture and compare it with the
ABH state. We use δφ and δσ instead of uφ and uσ and, since it is obvious that we are
considering the perturbations of φ and σ, we adopt the shorthand notation δφ → φ and
δσ → σ in this section.
3For other on the use of the Schro¨dinger picture see [37–39].
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3.1 Out-vacuum wave function
Here, we obtain the expression of the wave function of the out-vacuum. Based on the late-
time decoupled Lagrangian eq. (2.22), the conjugate momenta of the fields in Fourier space
are given by
Πφ(η,k) ≡ ∂S
∂φ′k
= a2φ′(η,−k), Πσ(η,k) ≡ ∂S
∂σ′k
= a2σ′(η,−k). (3.1)
At late times, where bothGIJ andMIJ are diagonalized as eq. (2.9), the creation/annihilation
operators associated with the out-vacuum can be rewritten in terms of these original fields
and their conjugate momenta as(
aˆ
(φ)
−k
(aˆ
(φ)
−k)
†
)
= −i
(
a2(u∗φk/a)
′ −u∗φk/a
−a2(uφk/a)′ uφk/a
)(
φˆk
Πˆφ−k
)
, (3.2)
(
bˆ
(σ)
k
(bˆ
(σ)
−k)
†
)
= −i
(
a2(u∗σk/a)
′ −u∗σk/a
−a2(uσk/a)′ uσk/a
)(
σˆk
Πˆσ−k
)
, (3.3)
where uφk and uσk are given by eqs. (2.27) and (2.28), and we used the Wronskian relations
(2.26). The equal-time commutation relations of these fields, [φ(η,x),Πφ(η,y)] = iδ(x− y)
and [σ(η,x),Πσ(η,y)] = iδ(x− y), are recast in Fourier space as
[φk,Π
φ
p] = i(2pi)
3δ(k + p), [σk,Π
σ
p] = i(2pi)
3δ(k + p). (3.4)
Thus, the conjugate momenta of an eigenstate of φˆk(η) and σˆk(η), for each wavenumber k,
|{φk, σk}(η)〉, are defined in terms of the derivatives with respect to the fields,
Πˆφk|{φk, σk}〉 = −i(2pi)3
∂
∂φk
|{φk, σk}〉, Πˆσk|{φk, σk}〉 = −i(2pi)3
∂
∂σk
|{φk, σk}〉. (3.5)
Letting 〈{φk, σk}| act on eq. (2.29), one finds4
〈{φk, σk}|aˆ(φ)k |0〉φ =
(
−ia2
(
u∗φk
a
)′
φk + (2pi)
3
u∗φk
a
∂
∂φ−k
)
〈{φk, σk}|0〉φ = 0, (3.6)
with an analogous equation for σ in which one replaces φ ↔ σ. Substituting the following
Gaussian wave function for the out-vacuum, with a normalization factor N (out)
〈{φk, σk}(η)|0〉out = N (out)(η) exp
[
−1
2
∫
d3k
(2pi)3
(
ωφk (η)φ−kφk + ω
σ
k (η)σ−kσk
)]
, (3.7)
we find
ωφk (η) = −ia2∂η ln(u∗φk/a), ωσk (η) = −ia2∂η ln(u∗σk/a). (3.8)
Note that this wave function is valid only at late times and one needs to use the full-
Hamiltonian to find the wave function at earlier times. For each wave number k the wave
function is
〈φk, σk|0〉out = N (out)k exp
[
−1
2
(
ωφk φ−kφk + ω
σ
k σ−kσk
)]
, (3.9)
4One can show that 〈{φk, σk}|φˆ±k = φ±k〈{φk, σk}| and 〈{φk, σk}|Πˆφ±k = −i(2pi)−3(∂/∂φ±k)〈{φk, σk}|
with analogous equations for σ±k by replacing φ±k → σ±k.
– 10 –
where N (out)k is a normalization factor. One can see that the φ and σ sectors of the wave
function for the out-vacuum are separable, and therefore this state is not entangled. This is
to be expected, as φ and σ are in the BD-vacuum at late times, however, as we shall see in
the following section, this is not the case for the in-vacuum state.
3.2 In-vacuum wave function
We can obtain the wave function of the in-vacuum state in a similar way to the out-vacuum
case. Substituting eqs. (3.2) and (3.3) into eqs. (2.37) and (2.38), one finds
aˆΦk = −ia2F ′φk(αk, βk)φˆk + iFφk(αk, βk)Πˆφ−k − ia2F ′σk(α¯k, β¯k)σˆk + iFσk(α¯k, β¯k)Πˆσ−k, (3.10)
bˆSk = −ia2F ′φk(γk, δk)φˆk + iFφk(γk, δk)Πˆφ−k − ia2F ′σk(γ¯k, δ¯k)σˆk + iFσk(γ¯k, δ¯k)Πˆσ−k, (3.11)
where we have defined
FIk(x, y) ≡ a−1(η)
[
x∗u∗zk(η) + y uzk(η)
]
, (I = φ, σ), (3.12)
and F ′Ik(x, y) ≡ ∂ηFIk(x, y). Plugging a Gaussian expression with a cross term and normal-
ization factor N (in)
〈{φk, σk}(η)|0〉in
= N (in)(η) exp
[
−1
2
∫
d3k
(2pi)3
{
Ωφk(η)φ−kφk + Ω
σ
k(η)σ−kσk + Ω
φσ
k (η) (φ−kσk + σ−kφk)
}]
,
(3.13)
into
〈{φk, σk}|aˆk|0〉in = 0, 〈{φk, σk}|bˆk|0〉in = 0, (3.14)
we obtain the following four equations
Fφk(αk, βk) 0 Fσk(α¯k, β¯k)
0 Fσk(α¯k, β¯k) Fφk(αk, βk)
Fφk(γk, δk) 0 Fσk(γ¯k, δ¯k)
0 Fσk(γ¯k, δ¯k) Fφk(γk, δk)

 ΩφkΩσk
Ωφσk
 = −ia2

F ′φk(αk, βk)
F ′σk(α¯k, β¯k)
F ′φk(γk, δk)
F ′σk(γ¯k, δ¯k)
 , (3.15)
where one equation out of four is redundant. Solving these equations, we find
Ωφk(η) = −ia2
[
∂η1
[
lnUk(η1, η2)
]∣∣∣
η1=η2=η
− a
′
a
]
, (3.16)
Ωσk(η) = −ia2
[
∂η2
[
lnUk(η1, η2)
]∣∣∣
η1=η2=η
− a
′
a
]
, (3.17)
Ωφσk (η) = −a2Cφσk /Uk(η, η), (3.18)
with
Uk(η1, η2) ≡u∗φk(x1)u∗σk(x2) + Cφφk uφk(x1)u∗σk(x2)
+ Cσσk u∗φk(x1)uσk(x2) +
(
Cφφk Cσσk − Cφσk Cφσk
)
uφk(x1)uσk(x2) , (3.19)
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where x1 ≡ −kη1 and x2 ≡ −kη2. In eq. (3.19), time dependence on η1 and η2 is introduced
so that uφk depends on η1, while uσk depends on η2. In eqs. (3.18) after taking the derivatives
with respect to η1 and η2, we set η1 = η2 = η. In the limit αk → 1, γ¯k → 1, where all the other
coefficients vanish and the in-vacuum and out-vacuum coincide, the above result reduces to
eq. (3.8) as expected.
On the other hand, a non-zero Ωφσk corresponds to an entangled state since the φ and
σ sectors would no longer be separable (see eq. (2.53)). The in-vacuum state of φ and σ is
therefore entangled thanks to the evolution of the kinetic and mass matrix terms. Focusing
on a single wavenumber, the wave function of the in-vacuum state is given by
〈φk, σk|0〉in = N (in)k exp
[
−1
2
Ωφk φ−kφk −
1
2
Ωσk σ−kσk −
1
2
Ωφσk (φ−kσk + σ−kφk)
]
, (3.20)
where N (in)k is a normalization factor. It can be shown that this wave function satisfies the
Schro¨dinger equation with the free Hamiltonian constructed from the late-time Lagrangian
eq. (2.22) as expected. However, it should be noted that the above wave function with
eqs. (3.16)-(3.19) is valid only at late times (t ≥ t0) when the Hamiltonians for φ and σ
are decoupled, and one needs to solve the Schro¨dinger equation with the full-Hamiltonian to
obtain the wave function at an earlier time (see Appendix B for further discussion based on
a similar model as that discussed in Sec.4).
3.3 Comparison to the entangled state in ABH
In this subsection we compare our result eq. (3.20) with the entangled state used in the ABH
paper (see eq. (2.6) in [32]). In this work a Gaussian entangled state ansatz was used to
phenomenologically test for small deviations from a Bunch Davies initial state. By working
in the Schro¨dinger quantum field theory picture, the dynamics of the parameters Ak, Bk and
Ck of this wave-functional,
ψk[φk, χk; η] = Nk(η) exp
[
−1
2
(
Ak(η)φ~kφ−~k +Bk(η)χ~kχ−~k + Ck(η)
(
φ~kχ−~k + χ~kφ−~k
))]
,
(3.21)
are governed by the Schro¨dinger equation with the free Hamiltonian corresponding to eq. (2.22).
Several interesting and distinguishing observational features arise from such a state, including
small oscillations in the inflaton power spectrum [32]. The correspondence between eq. (3.21)
and our result for the entangled in-vacuum state eq. (3.20) is as follows:
Ak ↔ Ωφk , Bk ↔ Ωσk , Ck ↔ Ωφσk (3.22)
Note that the parameters Ak, Bk and Ck are not simple functions of the Bunch-Davies mode
functions, they are solutions to the Schro¨dinger equation, and encode the dynamics of the
mixing of the two fields. In terms of the entangled mode functions fk, gk in [32] they are:
Ak = −ia2
(
f ′k
fk
− a
′
a
)
, Bk = −ia2
(
g′k
gk
− a
′
a
)
, Ck = a
2 λ
fkgk
. (3.23)
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In [32], in order to directly compare to the standard Bunch-Davies results, they adopt the
following initial conditions at η = η0:
Ak(η0) = −ia2∂η ln
(
fBDk
a
)∣∣∣∣
η=η0
, Bk(η0) = −ia2∂η ln
(
gBDk
a
)∣∣∣∣
η=η0
, (eq.(2.9) in ABH)
(3.24)
Ck(η0) = a
2 λk
fBDk g
BD
k
∣∣∣∣
η=η0
, (eq.(2.11) in ABH)
(3.25)
fBDk = u
∗
φk, g
BD
k = u
∗
σk, (eq.(2.17)&(3.15) in ABH)
(3.26)
and hence, in the notation used in this work,
Ak(η0) = −ia2∂η ln(u∗φk/a)
∣∣
η=η0
, Bk(η0) = −ia2∂η ln(u∗σk/a)
∣∣
η=η0
,
Ck(η0) = a
2λk(u
∗
φku
∗
σk)
−1∣∣
η=η0
, (3.27)
where λk is a real constant and sets the strength of the entanglement. Our in-vacuum state
at η = η0 coincides with the ABH state if the following conditions are satisfied:
Cφφk =
λ2ku
∗
φkuσk
u∗φku
∗
σk − λ2kuφkuσk
∣∣∣∣∣
η=η0
, Cσσk =
λ2kuφku
∗
σk
u∗φku
∗
σk − λ2kuφkuσk
∣∣∣∣∣
η=η0
,
Cφσk =
−λku∗φku∗σk
u∗φku
∗
σk − λ2kuφkuσk
∣∣∣∣∣
η=η0
. (3.28)
One then finds that their entanglement parameter λk is closely related to our Cφσk ,
λk 6= 0↔ Cφσk 6= 0 . (3.29)
Therefore the condition for the non-zero entanglement Ck 6= 0, used in [32] , is equivalent to
the condition Cφσk 6= 0 in this work.
As shown in Appendix A, one can perturbatively find a family of generalized Bogoli-
ubov coefficients (αk, βk, γk, δk, α¯k, β¯k, γ¯k, δ¯k) that correspond to a given values of (C
φφ
k ,
Cσσk , C
φσ
k ). Combining this general result with (3.28), we conclude that for a given ABH
state parameterized by λk, there exists a family of corresponding generalized Bogoliubov
coefficients.
4 Concrete Example with Entangled State from Kinetic Mixing
In this section, we consider a simple example of the scenario discussed in the previous sections
with a sudden change in the kinetic matrix of the scalar fields. We show analytically that an
entangled state is generated and confirm that oscillations are produced in the power spectrum
of the inflaton perturbations.
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4.1 Model description
Here, we consider a toy model with no mass-mixing and in which only GIJ depends on time
through f(t),
GIJ(t) =
(
1 f(t)
f(t) 1
)
, MIJ =
(
0 0
0 m2σ
)
. (4.1)
For simplicity, we assume that f(t) is a constant fc which suddenly vanishes at a certain time
η∗,
f(η) = fc Θ(η∗ − η), (0 < fc < 1) (4.2)
where Θ(η) is the Heaviside function. The matrix KIJ introduced in eq. (2.11) is given by(
φ
σ
)
= K
(
Φ
S
)
, K ≡
1 −fc√1−f2c
0 1√
1−f2c
 , (4.3)
and the mass matrix in eq. (2.14) is given by
M˜IJ =
(
0 0
0 m
2
σ
1−f2c
)
. (4.4)
Thus the solutions of the mode functions which connect to the Bunch-Davies vacuum in the
sub-horizon limit are
uΦk(η) =
√
pix
4k
H
(1)
3/2(x), (4.5)
uSk(η) =
√
pix
4k
e−
i
2
piνcH(1)νc (x), νc ≡
√
9
4
− m
2
σ/H
2
1− f2c
. (4.6)
4.2 Entanglement from multi-field dynamics
To obtain the coefficients αk, βk, γk, δk, α¯k, β¯k, γ¯k, and δ¯k introduced in eqs. (2.30) and (2.31),
one needs to connect uΦk and uSk in eqs. (4.5) and (4.6) to uφk and uσk in eqs.(2.27) and
(2.28). Therefore, we consider the matching condition for these two sets of mode functions
here. Taking into account the time evolution of f(η), one finds the action as
S =
1
2
∫
dη d3x
[
u′2φ − (∂iuφ)2 +
a′′
a
u2φ + u
′2
σ − (∂iuσ)2 +
(
a′′
a
− a2m2σ
)
u2σ
+ 2f
{
u′φu
′
σ − ∂iuφ∂iuσ +
(
a′′
a
+
a′f ′
af
)
uφuσ
}]
, (4.7)
where the second line vanishes for η > η∗. The equations of motion for the mode functions,
uφk(η) and uσk (k), are written as
∂η
[(
1 f(η)
f(η) 1
)(
u′φk
u′σk
)]
= −f
′(η)
η
(
0 1
1 0
)(
uφk
uσk
)
+ · · · , (4.8)
where · · · does not include the time derivative of f(η). Since f ′(η) = −fc δ(η − η∗), the
junction conditions are,(
uφk
uσk
)
+
= K
(
uΦk
uSk
)
−
, ∂x
(
uφk
uσk
)
+
=
[(
1 fc
fc 1
)
K∂x + fc
x∗
(
0 1
1 0
)
K
](
uΦk
uSk
)
−
, (4.9)
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where the subscripts + and − denote the time η = η∗ ± ∆η with the limit ∆η → 0, and
x∗ ≡ −kη∗. Substituting uˆΦ(η,k), uˆS(η,k), uˆφ(η,k) and uˆσ(η,k) given by eqs. (2.15), (2.16),
(2.23) and (2.24) into the above junction conditions, we can calculate the coefficient of each
operator. For the coefficients of aˆ
(φ)
k in eq. (2.30), we obtain
αk = 1, βk = 0, (4.10)
γk =
fc e
− i
2
piνc
x∗
√
1− f2c
[
x∗H
(2)
1/2 + 3H
(2)
3/2 − x∗H
(2)
5/2
]
H
(1)
νc[
H
(1)
1/2 −H
(1)
5/2
]
H
(2)
3/2 +
[
H
(2)
5/2 −H
(2)
1/2
]
H
(1)
3/2
, (4.11)
δ∗k = −
fc e
− i
2
piνc
x∗
√
1− f2c
[
x∗H
(1)
1/2 + 3H
(1)
3/2 − x∗H
(1)
5/2
]
H
(1)
νc[
H
(1)
1/2 −H
(1)
5/2
]
H
(2)
3/2 +
[
H
(2)
5/2 −H
(2)
1/2
]
H
(1)
3/2
, (4.12)
where the second argument of all the Hankel functions is x∗. At this stage, we can see that
since these coefficients satisfy the condition (2.53), the in-vacuum state is entangled. We
find that the expressions of α¯k, β¯k, γ¯k, and δ¯k, which are the coefficients of bˆ
(σ)
k in eq. (2.31),
depend on mσ, because the complex conjugate of H
(1)
νσ (x) is H
(2)
νσ (x) for m
2
σ < 9H
2/4, while
it is H
(2)
−νσ(x) for m
2
σ > 9H
2/4. If m2σ < 9H
2/4 (i.e. νσ > 0). One finds
α¯k = −fc eix∗
√
pix∗
8
H(2)νσ , β¯
∗
k = fc e
ix∗
√
pix∗
8
H(1)νσ , (4.13)
γ¯k =
ipi
8
√
1− f2c
[
2(1− f2c )
(
H
(1)
3/2 − x∗H
(1)
1/2
)
H(2)νσ (4.14)
+ e−
i
2
piνc
(
(1 + 2f2c + 2νσ)H
(2)
νσ − 2x∗H(2)1+νσ
)
H(1)νc
]
, (4.15)
δ¯∗k =
−ipi
8
√
1− f2c
[
2(1− f2c )
(
H
(1)
3/2 − x∗H
(1)
1/2
)
H(1)νσ (4.16)
+ e−
i
2
piνc
(
(1 + 2f2c + 2νσ)H
(1)
νσ − 2x∗H(1)1+νσ
)
H(1)νc
]
, (4.17)
while if m2σ > 9H
2/4 (i.e. νσ is imaginary), one obtains
α¯k = −fc ei(x∗+piνσ)
√
pix∗
8
H
(2)
−νσ , β¯
∗
k = fc e
i(x∗+piνσ)
√
pix∗
8
H(1)νσ , (4.18)
γ¯k =
ipi eipiνσ
8
√
1− f2c
[
2(1− f2c )
(
H
(1)
3/2 − x∗H
(1)
1/2
)
H
(2)
−νσ (4.19)
+ e−
i
2
piνc
(
(1 + 2f2c − 2νσ)H(2)−νσ + 2x∗H
(2)
1−νσ
)
H(1)νc
]
, (4.20)
δ¯∗k =
−ipi eipiνσ
8
√
1− f2c
[
2(1− f2c )
(
H
(1)
3/2 − x∗H
(1)
1/2
)
H(1)νσ (4.21)
+ e−
i
2
piνc
(
(1 + 2f2c + 2νσ)H
(1)
νσ + 2x∗H
(1)
1+νσ
)
H(1)νc
]
. (4.22)
It can be shown that in both cases, these coefficients satisfy eqs. (2.32)-(2.35).
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With this set of coefficients we see that Cφφk , Cσσk are different than those in eqs. (3.28),
and therefore the initial conditions of the entangled state produced by this simple model is
different from those adopted in the ABH work while both have entanglement of the same type
(2.6). On the other hand, from the general analysis in the previous section, it is conceivable
that there should exist a family of perhaps more contrived models that result in a state
that is closer to the ABH state for a range of k. As shown in (3.28) and Appendix A, one
can at least find a set of generalized Bogoliubov coefficients that satisfy the relations (2.32)-
(2.35) and that results in the exact ABH state. When working with these types of Gaussian
states, or equivalently with generalized Bogoliubov transformations, we are operating at the
level of the quadratic action, which for a two-field model is in general specified by a 2 × 2
symmetric kinetic matrix, a 2 × 2 anti-symmetric friction matrix and a 2 × 2 symmetric
squared mass matrix in the Fourier space. All components of the three matrices are time-
dependent in general and thus the quadratic action includes 7 independent functions of time
for each k. Since a full multi-field effective action (possibly after integrating out other heavy
fields) incorporates all orders of the fields and derivatives, expanding the full action around
a homogeneous and isotropic but time-dependent background could end up with a rather
non-trivial quadratic action in general. While a system described by a Gaussian state (or
generalized Bogoliubov transformations) is specified by a finite set of functions of k, a whole
multi-field action has more degrees of freedom, in particular it is specified by an infinite set
of functions of the fields. It is thus interesting to ask whether there exists a multi-field model
that exactly or approximately results in a given set of generalized Bogoliubov coefficients for
a range of k which reproduce the ABH state, by trading off functions of the fields (i.e. terms
in the multi-field Lagrangian) with functions of k (i.e. generalized Bogoliubov coefficients).
One of the main messages of this section thus far is that entanglement contained in the ABH
state and that naturally emerges from the multi-field dynamics are of the same type shown
in (2.6).
Although in this section we calculate in the Heisenberg picture, one can obtain the same
result through the Schro¨dinger picture. The time evolution of the entangled state, for η ≥ η0,
is governed by the Schro¨dinger equation with the free Hamiltonians of the two fields φ and σ,
while, for η < η0, the kinetic mixing between them modifies the evolution of the state from
the case with their free Hamiltonians. For a further look at how entanglement is dynamically
induced by kinetic mixing in the action, from the perspective of the Schro¨dinger picture, see
Appendix B.
4.3 Power spectrum of inflaton perturbations
Here, we obtain the power spectrum of the inflaton perturbations, which is regarded to be
connected with the curvature perturbations observed by the Cosmic Microwave Background
radiation. Now that we have obtained the expressions for the coefficients of aˆ
(Φ)
k and bˆ
(S)
k in
eqs. (2.30) and (2.31) in this model, it is simpler to calculate based on the two-point function
of uˆφ(η,k) with respect to the in-vacuum state directly, although we can also calculate based
on eqref. 2.44 and the creation/annihilation operators of φ and σ. The two-point function of
uˆφ(η,k) is
in〈0|uˆφ(η,k)uˆφ(η,k′)|0〉in = (2pi)3δ(k + k′)×
[
|αkuφk + β∗ku∗φk|2 + |γkuφk + δ∗ku∗φk|2
]
,
(4.23)
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mσ = 1H
mσ = 0.1H fc = 0.5
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Figure 1. The dimensionless power spectrum of the massless scalar field δφ normalized by (H/2pi)2.
We set fc = 0.5 and mσ = 0.1H (blue), 1H (yellow) and 10H (green). The horizontal axis is k/k∗
where k∗ corresponds to a mode that exits the horizon when f(η) vanishes.
where the first term in parentheses denotes the contribution from the one-particle state of
Φ, while the second term denotes the contribution from that of S. Since uφ = aδφ and
uφk (x→ 0) = −i/(
√
2kx), the power spectrum of δφ in the super-horizon limit is given by
lim
x→0
Pδφ(k) =
(
H
2pi
)2 (|αk − β∗k|2 + |γk − δ∗k|2) . (4.24)
In figure 1, we plot the dimensionless power spectrum (H/2pi)−2Pδφ in the current model.
An oscillatory feature is produced for the modes which are inside the horizon when the fields
are mixed at η = η∗.5 Nevertheless, we expect that a UV cut-off scale corresponding to the
time scale of the f(η) transition would appear in a more realistic model. This result suggests
that the oscillations in the power spectrum of the inflaton perturbation reported in ABH
[32] is qualitatively quite generic to initial states with quantum entanglement between the
inflaton and another scalar field.
5 Conclusions and Discussions
In fundamental theories like supergravity or string theory, scalar fields are ubiquitous and in
some cases, some fields can affect each other through entanglement, even if they are decoupled
at the level of the action. In this work, we have studied the cosmological consequences of
an entangled initial state between two fields φ (inflaton) and σ (spectator) in inflation. The
perturbations of φ contribute to the curvature perturbation, while multi-field dynamics with
the spectator field σ affect observables through particle production and entanglement. We
use the general action in eq. (2.7) together with the assumption that the time variations of
GIJ(t) (the field space metric) and MIJ(t) (the mass matrix) are sufficiently small at early
and late times. Under this assumption, we can diagonalize GIJ(t) and MIJ(t) both at late
5In this simple model, since we assume that f(η) instantaneously vanishes, modes with infinitely high-k
are excited.
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times with a set of fields {φ, σ}, and early times with another set of fields {Φ, S}. We then
construct the out-vacuum defined in eq. (2.29) and the in-vacuum defined in eq. (2.21)(on
sufficiently small scales).
With this setup, we have developed a formalism which defines the quantum entangle-
ment between the perturbations of φ and σ. The starting point of our formalism is eqs. (2.30)
and (2.31) where the annihilation operators for the out-vacuum are written as the linear com-
bination of all the creation/annihilation operators for the in-vacuum. Since we can compute
the constant coefficients αk, βk, γk, δk, α¯k, β¯k, γ¯k, and δ¯k for any time evolution of GIJ and
MIJ , our formalism can be applied to a very general class of models.
In order to clarify the meaning of eqs. (2.30) and (2.31), we have expressed the in-
vacuum state as an excited state of the out-vacuum state in eq. (2.44) with fk given by
eq. (2.47) and Cφφk , Cσσk and Cφσk given by eq. (2.50). While the terms in eq. (2.47) with
Cφφk and Cσσk lead to a vacuum squeezed state and can be understood as a generalization
of the Bogoliubov transformation, the term with Cφσk produces cross terms proportional to
(aˆ
(φ)
−k)
†(bˆ(σ)k )
† + (aˆ(φ)k )
†(bˆ(σ)−k)
† which result in an entangled state. Since Cφφk , Cσσk and Cφσk are
expressed in terms of αk, βk, γk, δk, α¯k, β¯k, γ¯k, and δ¯k, we have shown that as long as the two
sets of creation/annihilation operators are related by eqs. (2.30) and (2.31), in general, multi-
field dynamics induce particle production of φk, σk particles as well as quantum entanglement
between them. In particular, we have concluded that the quantum fluctuations of φ and σ
are entangled if the condition (2.53) is satisfied.
Although the above result is obtained in the Heisenberg picture, of course, we have
been able to relate our conclusion to the Schro¨dinger picture result by constructing the
wave functions of the in-vacuum and out-vacuum. Then, we compared our in-vacuum wave
function with the entangled state considered in the previous work [32] (ABH). We have shown
that, at η = η0, our in-vacuum wave function coincides with the entangled Gaussian state
adopted in ABH if the constants Cφφk , Cσσk and Cφσk are fixed to eqs. (3.28). Having done so,
the initial conditions of both the state anzatz used in ABH and the one described in this
work are the same, and hence, the dynamics of both states will be the same when evolved
with the Schro¨dinger equation for η ≥ η0 with the free Hamiltonian.
Finally, we considered a concrete example with a sudden change in the kinetic matrix
of the scalar fields given by eqs. (4.1) and (4.2). From the junction condition, which requires
that the mode functions and their derivatives are continuous at the time when the off-diagonal
components disappear, we obtained the constants αk, βk, γk, δk, α¯k, β¯k, γ¯k, and δ¯k. We have
shown that in this example, φ and σ are entangled in the in-vacuum state. Then we calculated
the power spectrum of the inflaton and confirmed that an oscillatory feature appears, akin
to that presented in ref. [32].
Since we are mainly interested in establishing a general argument on quantum entangle-
ment in multi-field inflation, for simplicity, in the concrete example we introduced the time
dependence of GIJ(t) by hand. We also considered the perturbation of scalar fields in a fixed
de Sitter background and assumed that the fluctuations of the inflaton field are related with
the observable curvature perturbation, following ref. [32]. We expect that there are more
realistic models where the time evolution of GIJ arises from dynamics of scalar fields other
than φ and σ. It would be interesting to investigate whether the consistent model can be
obtained from a more fundamental theory.
We have shown that oscillatory features in the power spectrum of the inflaton pertur-
bation are a general prediction of an initial entangled state. In their turn, these oscillations
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translate into oscillations in the angular power spectrum [34] which can be used to compare
directly to CMB data [7, 8], however, it is well known that similar oscillatory features can also
be produced in multi-field inflation models with a sudden turn [40–46]. It is therefore impor-
tant to consider how to distinguish and/or understand degeneracies between these two sets
of models by using the formula (3.28) and the correspondence summarized in Appendix A.
In particular, it is interesting to ask whether there exists a multi-field model that exactly
or approximately results in the same quadratic order behavior given by the ABH state (or
similar entangled states).
One possible way to phenomenologically distinguish between these models is to look at
the non-Gaussianity signals produced by entangled states and multi-field inflation models.
In single-field inflation, the effect of a deviation from the Bunch Davies vacuum produces
relatively large primordial non-Gaussianity [47–52]. It may also be possible that the effect of
an entangled initial state produces large non-Gaussianity that can be used to constrain these
models with our current and upcoming CMB data [53, 54]. More importantly, it is intriguing
to ask whether entanglement can produce a different characteristic shape of non-Gaussianity
from multi-field inflation alone, and therefore such a signal could be used to distinguish the
two scenarios (see upcoming paper by ABH). Since we have shown that an entangled state
can naturally emerge from multi-field dynamics, it is conceivable to expect that models of
multi-field inflation can generate the type of non-Gaussianities that an entangled initial state
predicts. (If the late-time setups for the two models have the same Lagrangian and the
same quantum state then all observables including those associated with non-Gaussianities
are obviously the same.) While it is easy to parameterize the entangled initial state e.g. as
in (2.6) as a phenomenological description at late time, it is useful to relate the multi-field
models to more fundamental theories such as string theory. In this sense the two sets of
models, the entangled state and the multi-field inflation, are complementary. This will also
become an important tool to access information of nonlinearities in the hidden sector, like
[55]. We would like to leave these topics for future works.
Acknowledgments
We thank Andreas Albrecht, Rich Holman, Keisuke Izumi, Sugumi Kanno, Yasusada Nambu,
Jiro Soda, Takahiro Tanaka, and Kazuhiro Yamamoto, for valuable comments and useful
suggestions. NB acknowledges funding from the European Research Council under the Euro-
pean Union’s Seventh Framework Programme (FP7/2007-2013)/ERC Grant Agreement No.
617656 “Theories and Models of the Dark Sector: Dark Matter, Dark Energy and Gravity”.
The work of T. F. was supported by Japan Society for the Promotion of Science (JSPS)
Grants-in-Aid for Scientific Research (KAKENHI) No. 17J09103. The work of S. Mizuno
was supported by Japan Society for the Promotion of Science (JSPS) Grants-in-Aid for Sci-
entific Research (KAKENHI) No. 16K17709. The work of S. Mukohyama was supported
by Japan Society for the Promotion of Science (JSPS) Grants-in-Aid for Scientific Research
(KAKENHI) No. 17H02890, No. 17H06359, and by World Premier International Research
Center Initiative (WPI), MEXT, Japan.
A Generalized Bogoliubov coefficients in terms of (Cφφk , C
σσ
k , C
φσ
k )
For the trivial values of the generalized Bogoliubov coefficients (αk = 1, βk = 0, γk = 0,
δk = 0, α¯k = 0, β¯k = 0, γ¯k = 1, δ¯k = 0), the relations (2.32)-(2.35) are satisfied and (C
φφ
k ,
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Cσσk , C
φσ
k ) defined by (2.50) vanish.
Let us now expand the generalized Bogoliubov coefficients and (Cφφk , C
σσ
k , C
φσ
k ) around
the trivial values as
αk = 1 + αk,1 + 
2αk,2 +O(3) , βk = βk,1 + 2βk,2 +O(3) ,
γk = γk,1 + 
2γk,2 +O(3) , δk = δk,1 + 2δk,2 +O(3) ,
α¯k = α¯k,1 + 
2α¯k,2 +O(3) , β¯k = β¯k,1 + 2β¯k,2 +O(3) ,
γ¯k = 1 + γ¯k,1 + 
2γ¯k,2 +O(3) , δ¯k = δ¯k,1 + 2δ¯k,2 +O(3) , (A.1)
and
Cφφk = C
φφ
k,1+
2Cφφk,2+O(3) , Cσσk = Cσσk,1+2Cσσk,2+O(3) , Cφσk = Cφσk,1+2Cφσk,2+O(3) ,
(A.2)
where  is a small bookkeeping parameter. It is then easy to solve (2.32)-(2.35) and (2.50)
up to O() as
<αk,1 = 0 , βk,1 = Cφφk,1 , δk,1 = Cφσk,1 ,
α¯k,1 = −γ∗k,1 , β¯k,1 = Cφσk,1 , <γ¯k,1 = 0 , δ¯k,1 = Cσσk,1 , (A.3)
where =αk,1, γk,1 and =γ¯k,1 are freely specifiable, and a superscript ∗ represents complex
conjugate. This means that there exists a family of generalized Bogoliubov coefficients that
corresponds to (Cφφk , C
σσ
k , C
φσ
k ) up to order O().
It is also straightforward to solve (2.32)-(2.35) and (2.50) up to O(2). For =αk,1 =
γk,1 = =γ¯k,1 = 0, the solution is
<αk,2 = 12
(∣∣∣Cφφk,1∣∣∣2 + ∣∣∣Cφσk,1∣∣∣2) , βk,2 = Cφφk,2 , δk,1 = Cφσk,2 ,
α¯k,2 = C
φφ∗
k,2 C
φσ
k,2 + C
φσ∗
k,2 C
σσ
k,2 − γ∗k,2 , β¯k,2 = Cφσk,2 ,
<γ¯k,1 = 12
(∣∣∣Cφσk,1∣∣∣2 + ∣∣∣Cσσk,1∣∣∣2) , δ¯k,2 = Cσσk,2 , (A.4)
where =αk,2, γk,2 and =γ¯k,2 are freely specifiable. This means that there exists a family of
generalized Bogoliubov coefficients that corresponds to (Cφφk , C
σσ
k , C
φσ
k ) up to order O(2).
Obviously, one can continue the same procedure up to any order in .
B Entanglement induced from kinetic mixing: Schro¨dinger perspective.
To further illustrate how kinetic mixing can induce an entangled state, even once the coupling
in the action has vanished, we consider a similar model to that discussed in Sec.4 from the
perspective of the Schro¨dinger picture. Again, the final state that evolves according to the
whole Hamiltonian will be the initial state for the evolution with the free Hamiltonian.
Here we consider the following example with kinetic mixing in the action of eq. (2.7)
given by:
GIJ(η) =
(
1 f(η)
f(η) 1
)
, MIJ =
(
m2φ 0
0 m2σ
)
. (B.1)
As described above, for all times η ≥ η0 we set f(η) = 0 allowing GIJ to be diagonal.
However, for η < η0 the whole action includes f(η) 6= 0 and therefore there is kinetic mixing.
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To define the Hamiltonian for this system we first need to find the conjugate momenta for
the fields:
Πφk =
∂L
∂φ−k
= a2(φ′k + f(t)σ
′
k) (B.2)
Πσk =
∂L
∂σ−k
= a2(σ′k + f(t)φ
′
k) (B.3)
The Hamiltonian then takes the form:
Hk =
1
2
1
a2(1− f(η)2) [ΠφkΠφ−k + ΠσkΠσ−k − f(η)(ΠφkΠσ−k + ΠσkΠφ−k)]
+
a2
2
[ω2φφkφ−k + ω
2
σσkσ−k + f(η)ω
2
φσ(φkσ−k + σkφ−k)] (B.4)
where ω2φ = k
2 + a2m2φ, ω
2
σ = k
2 + a2m2σ, and ω
2
φσ = k
2. Since there is kinetic mixing in
the action for η < η0, the Hamiltonian also has mixed conjugate momentum terms. The
corresponding wavefunction that will solve the Schro¨dinger equation with this Hamiltonian
will then also need a cross term between the two fields. Such a state takes the form,
Ψk = Nk exp
[
−1
2
(Ak(η)φkφ−k +Bk(η)σkσ−k + Ck(η)(φkσ−k + φ−kσk))
]
(B.5)
Finally, plugging this state into the Schro¨dinger equation:
i∂ηΨk(φ, σ; η) = HkΨk(φ, σ; η) (B.6)
results in the following equations of motion for the state parameters at η < η0:
iA′k =
A2k + C
2
k
a2(1− f(η)2) − 2f(η)
AkCk
a2(1− f(η)2) − a
2ω2φ (B.7)
iB′k =
B2k + C
2
k
a2(1− f(η)2) − 2f(η)
BkCk
a2(1− f(η)2) − a
2ω2σ (B.8)
iC ′k = Ck
Ak +Bk
a2(1− f(η)2) − f(η)
AkBk + C
2
k
a2(1− f(η)2) − f(η)a
2ω2φσ (B.9)
Looking at these equations one can get an ulterior perspective on how entanglement is
generated in such a system. If both f(η) and Ck(η) are zero there would be no coupling in the
Hamiltonian or entanglement in the state, and one would recover the standard Bunch-Davies
solution. On the other hand, if the coupling f(η) in the Hamiltonian is nonzero, but the
entanglement of the state is set to zero initially (i.e. Ck(ηinit) = 0), one can see from the
coupled equations of motion, that the coupling f(η) induces the mixing term proportional
to Ck(η) in the state to evolve and take on nonzero values. Then, when f(t) vanishes at
η = η0, the Hamiltonian will no longer be coupled, however, the mixing (or entanglement)
term Ck(η) in the state now has a non zero value, and will perpetuate the entanglement
between the two fields. Note that the solutions of the state coefficients Ak, Bk and Ck that
solve the above equations for η < η0 are different than those defined for η ≥ η0 when the
Hamiltonian of the two fields is decoupled.
This is consistent with the results we obtained in Section 3 where we determined that
for late times, when the Hamiltonian of φ and σ is decoupled, the state of these fields is still
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entangled. Note that in general, the initial conditions for the state parameters Ak, Bk and Ck
at η = η0 will not be the same as those used in ABH or equivalently those in eqs. (3.27). The
values of Ak, Bk and Ck here evolve from the dynamics induced by the full Hamiltonian with
the coupling before η0. This model is clearly a more general scenario then the one explored in
ABH, however it does help show what kind of mechanisms may give rise to entangled states
of that form.
References
[1] A. H. Guth and S. Y. Pi, Phys. Rev. Lett. 49, 1110 (1982). doi:10.1103/PhysRevLett.49.1110
[2] S. W. Hawking, Phys. Lett. 115B, 295 (1982). doi:10.1016/0370-2693(82)90373-2
[3] A. A. Starobinsky, Phys. Lett. 117B, 175 (1982). doi:10.1016/0370-2693(82)90541-X
[4] J. M. Bardeen, P. J. Steinhardt and M. S. Turner, Phys. Rev. D 28, 679 (1983).
doi:10.1103/PhysRevD.28.679
[5] H. Kodama and M. Sasaki, Prog. Theor. Phys. Suppl. 78, 1 (1984). doi:10.1143/PTPS.78.1
[6] V. F. Mukhanov, H. A. Feldman and R. H. Brandenberger, Phys. Rept. 215, 203 (1992).
doi:10.1016/0370-1573(92)90044-Z
[7] P. A. R. Ade et al. [Planck Collaboration], Astron. Astrophys. 594, A13 (2016)
doi:10.1051/0004-6361/201525830 [arXiv:1502.01589 [astro-ph.CO]].
[8] P. A. R. Ade et al. [Planck Collaboration], Astron. Astrophys. 594, A17 (2016)
doi:10.1051/0004-6361/201525836 [arXiv:1502.01592 [astro-ph.CO]].
[9] D. Baumann and L. McAllister, doi:10.1017/CBO9781316105733 arXiv:1404.2601 [hep-th].
[10] T. S. Bunch and P. C. W. Davies, Proc. Roy. Soc. Lond. A 360, 117 (1978).
doi:10.1098/rspa.1978.0060
[11] J. Martin and R. H. Brandenberger, Phys. Rev. D 63, 123501 (2001)
doi:10.1103/PhysRevD.63.123501 [hep-th/0005209].
[12] R. Easther, B. R. Greene, W. H. Kinney and G. Shiu, Phys. Rev. D 64, 103502 (2001)
doi:10.1103/PhysRevD.64.103502 [hep-th/0104102].
[13] U. H. Danielsson, Phys. Rev. D 66, 023511 (2002) doi:10.1103/PhysRevD.66.023511
[hep-th/0203198].
[14] R. Easther, B. R. Greene, W. H. Kinney and G. Shiu, Phys. Rev. D 66, 023518 (2002)
doi:10.1103/PhysRevD.66.023518 [hep-th/0204129].
[15] U. H. Danielsson, JHEP 0207, 040 (2002) doi:10.1088/1126-6708/2002/07/040
[hep-th/0205227].
[16] N. Kaloper, M. Kleban, A. E. Lawrence and S. Shenker, Phys. Rev. D 66, 123510 (2002)
doi:10.1103/PhysRevD.66.123510 [hep-th/0201158].
[17] R. Easther, B. R. Greene, W. H. Kinney and G. Shiu, Phys. Rev. D 67, 063508 (2003)
doi:10.1103/PhysRevD.67.063508 [hep-th/0110226].
[18] N. Kaloper and M. Kaplinghat, Phys. Rev. D 68, 123522 (2003)
doi:10.1103/PhysRevD.68.123522 [hep-th/0307016].
[19] A. Ashoorioon, A. Kempf and R. B. Mann, Phys. Rev. D 71, 023503 (2005)
doi:10.1103/PhysRevD.71.023503 [astro-ph/0410139].
[20] H. Collins and R. Holman, Phys. Rev. D 71, 085009 (2005) doi:10.1103/PhysRevD.71.085009
[hep-th/0501158].
– 22 –
[21] H. Collins and R. Holman, Phys. Rev. D 74, 045009 (2006) doi:10.1103/PhysRevD.74.045009
[hep-th/0605107].
[22] D. Carney, W. Fischler, S. Paban and N. Sivanandam, JCAP 1212, 012 (2012)
doi:10.1088/1475-7516/2012/12/012 [arXiv:1109.6566 [hep-th]].
[23] R. H. Brandenberger and J. Martin, Class. Quant. Grav. 30, 113001 (2013)
doi:10.1088/0264-9381/30/11/113001 [arXiv:1211.6753 [astro-ph.CO]].
[24] K. Schalm, G. Shiu and J. P. van der Schaar, JHEP 0404, 076 (2004)
doi:10.1088/1126-6708/2004/04/076 [hep-th/0401164].
[25] B. R. Greene, K. Schalm, G. Shiu and J. P. van der Schaar, JCAP 0502, 001 (2005)
doi:10.1088/1475-7516/2005/02/001 [hep-th/0411217].
[26] K. Schalm, G. Shiu and J. P. van der Schaar, AIP Conf. Proc. 743, 362 (2005)
doi:10.1063/1.1848340 [hep-th/0412288].
[27] J. Maldacena and G. L. Pimentel, JHEP 1302, 038 (2013) doi:10.1007/JHEP02(2013)038
[arXiv:1210.7244 [hep-th]].
[28] S. Kanno, JCAP 1407, 029 (2014) doi:10.1088/1475-7516/2014/07/029 [arXiv:1405.7793
[hep-th]].
[29] S. Kanno, Phys. Lett. B 751, 316 (2015) doi:10.1016/j.physletb.2015.10.050 [arXiv:1506.07808
[hep-th]].
[30] F. V. Dimitrakopoulos, L. Kabir, B. Mosk, M. Parikh and J. P. van der Schaar, JHEP 1506,
095 (2015) doi:10.1007/JHEP06(2015)095 [arXiv:1502.00113 [hep-th]].
[31] A. Albrecht, S. Kanno and M. Sasaki, Phys. Rev. D 97, no. 8, 083520 (2018)
doi:10.1103/PhysRevD.97.083520 [arXiv:1802.08794 [hep-th]].
[32] A. Albrecht, N. Bolis and R. Holman, JHEP 1411, 093 (2014) doi:10.1007/JHEP11(2014)093
[arXiv:1408.6859 [hep-th]].
[33] H. Collins and T. Vardanyan, JCAP 1611, 059 (2016) doi:10.1088/1475-7516/2016/11/059
[arXiv:1601.05415 [hep-th]].
[34] N. Bolis, A. Albrecht and R. Holman, JCAP 1612, no. 12, 011 (2016) Erratum: [JCAP 1708,
no. 08, E01 (2017)] doi:10.1088/1475-7516/2017/08/E01, 10.1088/1475-7516/2016/12/011
[arXiv:1605.01008 [hep-th]].
[35] A. Rostami and J. T. Firouzjaee, Phys. Rev. D 97, no. 6, 063501 (2018)
doi:10.1103/PhysRevD.97.063501 [arXiv:1710.09648 [hep-th]].
[36] S. Kanno, EPL 111, no. 6, 60007 (2015) doi:10.1209/0295-5075/111/60007 [arXiv:1507.04877
[hep-th]].
[37] D. Boyanovsky, H. J. de Vega and R. Holman, Phys. Rev. D 49, 2769 (1994)
doi:10.1103/PhysRevD.49.2769 [hep-ph/9310319].
[38] P. R. Anderson, C. Molina-Paris and E. Mottola, Phys. Rev. D 72, 043515 (2005)
doi:10.1103/PhysRevD.72.043515 [hep-th/0504134].
[39] K. Freese, C. T. Hill and M. T. Mueller, Nucl. Phys. B 255, 693 (1985).
doi:10.1016/0550-3213(85)90161-0
[40] A. J. Tolley and M. Wyman, Phys. Rev. D 81, 043502 (2010) doi:10.1103/PhysRevD.81.043502
[arXiv:0910.1853 [hep-th]].
[41] S. Cremonini, Z. Lalak and K. Turzynski, JCAP 1103, 016 (2011)
doi:10.1088/1475-7516/2011/03/016 [arXiv:1010.3021 [hep-th]].
[42] A. Achucarro, J. O. Gong, S. Hardeman, G. A. Palma and S. P. Patil, JCAP 1101, 030 (2011)
doi:10.1088/1475-7516/2011/01/030 [arXiv:1010.3693 [hep-ph]].
– 23 –
[43] G. Shiu and J. Xu, Phys. Rev. D 84, 103509 (2011) doi:10.1103/PhysRevD.84.103509
[arXiv:1108.0981 [hep-th]].
[44] S. Pi and M. Sasaki, JCAP 1210, 051 (2012) doi:10.1088/1475-7516/2012/10/051
[arXiv:1205.0161 [hep-th]].
[45] X. Gao, D. Langlois and S. Mizuno, JCAP 1210, 040 (2012)
doi:10.1088/1475-7516/2012/10/040 [arXiv:1205.5275 [hep-th]].
[46] T. Noumi, M. Yamaguchi and D. Yokoyama, JHEP 1306, 051 (2013)
doi:10.1007/JHEP06(2013)051 [arXiv:1211.1624 [hep-th]].
[47] X. Chen, M. x. Huang, S. Kachru and G. Shiu, JCAP 0701, 002 (2007)
doi:10.1088/1475-7516/2007/01/002 [hep-th/0605045].
[48] R. Holman and A. J. Tolley, JCAP 0805, 001 (2008) doi:10.1088/1475-7516/2008/05/001
[arXiv:0710.1302 [hep-th]].
[49] I. Agullo and L. Parker, Phys. Rev. D 83, 063526 (2011) doi:10.1103/PhysRevD.83.063526
[arXiv:1010.5766 [astro-ph.CO]].
[50] A. Ashoorioon and G. Shiu, JCAP 1103, 025 (2011) doi:10.1088/1475-7516/2011/03/025
[arXiv:1012.3392 [astro-ph.CO]].
[51] A. Ashoorioon, D. Chialva and U. Danielsson, JCAP 1106, 034 (2011)
doi:10.1088/1475-7516/2011/06/034 [arXiv:1104.2338 [hep-th]].
[52] N. Agarwal, R. Holman, A. J. Tolley and J. Lin, JHEP 1305, 085 (2013)
doi:10.1007/JHEP05(2013)085 [arXiv:1212.1172 [hep-th]].
[53] P. D. Meerburg, J. P. van der Schaar and P. S. Corasaniti, JCAP 0905, 018 (2009)
doi:10.1088/1475-7516/2009/05/018 [arXiv:0901.4044 [hep-th]].
[54] J. Ganc, Phys. Rev. D 84, 063514 (2011) doi:10.1103/PhysRevD.84.063514 [arXiv:1104.0244
[astro-ph.CO]].
[55] V. Assassi, D. Baumann, D. Green and L. McAllister, JCAP 1401, 033 (2014)
doi:10.1088/1475-7516/2014/01/033 [arXiv:1304.5226 [hep-th]].
– 24 –
